The photoelectron spectrum ͑PES͒ of the uracil anion is reported and discussed from the perspective of quantum chemical calculations of the vertical detachment energies ͑VDEs͒ of the anions of various tautomers of uracil. The PES peak maximum is found at an electron binding energy of 2.4 eV, and the width of the main feature suggests that the parent anions are in a valence rather than a dipole-bound state. The canonical tautomer as well as four tautomers that result from proton transfer from an NH group to a C atom were investigated computationally. At the Hartree-Fock and second-order Møller-Plesset perturbation theory levels, the adiabatic electron affinity ͑AEA͒ and the VDE have been converged to the limit of a complete basis set to within Ϯ1 meV. Post-MP2 electron-correlation effects have been determined at the coupled-cluster level of theory including single, double, and noniterative triple excitations. The quantum chemical calculations suggest that the most stable valence anion of uracil is the anion of a tautomer that results from a proton transfer from N1H to C5. It is characterized by an AEA of 135 meV and a VDE of 1.38 eV. The peak maximum is as much as 1 eV larger, however, and the photoelectron intensity is only very weak at 1.38 eV. The PES does not lend support either to the valence anion of the canonical tautomer, which is the second most stable anion, and whose VDE is computed at about 0.60 eV. Agreement between the peak maximum and the computed VDE is only found for the third most stable tautomer, which shows an AEA of Ϸ−0.1 eV and a VDE of 2.58 eV. This tautomer results from a proton transfer from N3H to C5. The results illustrate that the characteristics of biomolecular anions are highly dependent on their tautomeric form. If indeed the third most stable anion is observed in the experiment, then it remains an open question why and how this species is formed under the given conditions.
I. INTRODUCTION
There is growing evidence that anions of nucleic acid bases ͑NBs͒ can be formed due to the trapping of low-energy electrons, which are produced in living cells by high-energy radiation. Recent experiments suggest that single and double strand breaks develop in DNA that is exposed to low-energy electrons.
1 Furthermore, charged nucleobases play a critical role in electron and hole transfer in DNA.
2,3 Pyrimidine bases, that is, uracil ͑U͒, thymine ͑T͒ and cytosine ͑C͒, are believed to have higher electron affinities than purine bases ͑guanine and adenine͒ as deduced from both experimental [4] [5] [6] and computational studies. [7] [8] [9] [10] As a consequence, pyrimidine rather than purine bases have been considered as trapping sites for excess electrons in DNA. [11] [12] [13] Our recent results have provided new insights into the stability of the valence anions of NBs. We have recognized that the most stable tautomers of neutral NBs, which were routinely probed in computational [7] [8] [9] [10] and some experimental studies, 5, 6 are typically not the most stable structures for anionic NBs. [14] [15] [16] [17] [18] [19] [20] The most stable tautomers of anionic NBs appeared to be the ones with a proton transferred from an NH group of the canonical tautomer to a C atom ͑but not to an O or N atom, which had been assumed before͒. At first, the stability of the new anionic tautomers was counterintuitive, and their discovery had been facilitated by a series of studies on intermolecular proton transfer reactions involving anions of NBs.
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Ab initio results, obtained at the coupled-cluster level of theory with single, double, and perturbative triple excitations ͓CCSD͑T͔͒ ͑Refs. 24-28͒ with an augmented correlationconsistent polarized valence double-zeta basis set ͑aug-ccpVDZ, in the following abbreviated as AVDZ͒ 29, 30 indicated that some of the new tautomers of uracil, 15 thymine, 16 guanine, 17, 18 and adenine 19 support valence anions that are adiabatically bound with respect to the corresponding canonical neutral. The theoretical predictions for guanine and adenine were in good agreement with the photoelectron spectra of their anionic species. 18, 19 In the case of uracil, 15 the computational results indicated that such a rare-tautomer a͒ Author to whom correspondence should be addressed. Electronic mail: klopper@chem-bio.uni-karlsruhe.de.
anion was adiabatically bound by only 171 meV. For comparison, at the same CCSD͑T͒/AVDZ level of theory, the valence anion of the canonical uracil tautomer was unbound by 51 meV. However, the most recent and more accurate computational results indicate that the canonical tautomer is bound by 40Ϯ 5 meV. 31 The significantly improved accuracy of the adiabatic electron affinity ͑AEA͒ and the electron vertical detachment energy ͑VDE͒ was accomplished by obtaining basis-set saturated contributions at the Hartree-Fock and second-order Møller-Plesset ͑MP2͒ levels of theory and including high-order electron-correlation effects at the CCSD͑T͒ level.
The purpose of the present work is twofold: ͑i͒ to apply the same computational methods, as used in Ref. 31 for the canonical tautomer, to four other tautomers in order to obtain accurate AEA and VDE data for uracil, and ͑ii͒ to measure the photoelectron spectrum of valence anions of uracil.
II. METHODS

A. Negative ion photoelectron spectroscopy
Negative ion photoelectron spectroscopy is conducted by crossing a mass-selected beam of negative ions with a fixed frequency photon source and energy analyzing the resultant photodetached electrons. This technique is governed by the energy-conserving relationship h = EKE+ EBE, where h is the photon energy, EKE is the measured electron kinetic energy, and EBE is the electron binding energy. Briefly, both mass spectra and photoelectron spectra were collected on an apparatus consisting of a laser vaporization source employing a Nd:YAG ͑yttrium aluminum garnet͒ laser, a linear time-of-flight mass spectrometer for mass analysis and selection, a second Nd:YAG laser used for photodetachment, and a magnetic bottle used for electron energy analysis. The details of our apparatus have been described elsewhere. 32 The ion source consisted of a rotating, translating uracil-coated metal rod ͑Cu or Ag͒, a laser beam entrance port, a pulsed gas valve to feed pulses of helium into the laser-sample interaction region, and a gas expansion exit nozzle. Typically, helium gas at 4 bars was expanded in synchronization with laser ablation pulses. The uracil-coated rods were prepared by pressing uracil powder directly onto the metal rod to form a thin layer on its surface. The uracil coating was then ablated at very low laser power with the second harmonic ͑532 nm͒ of a Nd:YAG laser. We speculate that the role of the metal rod was to supply photoemitted electrons. No mixed metal/uracil cluster anions were observed.
This ion source arrangement produces anion states that differ dramatically from those generated in our previous studies. In our earlier work, NBs were thermally evaporated in an argon filled stagnation chamber before being expanded out a small nozzle. At that point, low-energy electrons from a filament were injected into the jet in the presence of a weak axial magnetic field, and the resultant NB anions were then extracted into the photoelectron spectrometer. Photoelectron spectra of parent NB anions formed in this way revealed them to be dipole-bound states, [33] [34] [35] whereas the photoelectron spectra of U − generated by the laser irradiation method described above showed them to be valence anion states with no evidence for the presence of dipole-bound anions.
B. The RI-MP2-R12 method for open-shell systems
In the present work, we are interested in the electronic structure of uracil anions that are open-shell doublet systems. For the explicitly correlated calculations, therefore, the openshell extension of the RI-MP2-R12 method ͑RI-MP2: resolution-of-the-identity second-order Møller-Plesset͒ as implemented in TURBOMOLE ͑Refs. 36-38͒ and described in Ref. 31 was applied, which computes the second-order energy in a spin-unrestricted manner using an unrestricted Hartree-Fock ͑UHF͒ or restricted open-shell Hartree-Fock ͑ROHF͒ reference wave function. In the present work, we exclusively use the augmented correlation-consistent polarized valence X-tuple zeta basis sets AVXZ 29, 30 with X =D, T, Q, and 5.
C. Geometries and harmonic vibrational frequencies
Our ab initio calculations were performed for the five tautomers that had been identified in previous studies. 15, 16 They are presented in Fig. 1 . Besides the canonical form there are four other tautomers obtained via proton transfer from the N1H or N3H nitrogens to the C5 or C6 carbon atoms ͑see Fig. 1 for atom labels͒. These species differ from the conventional "rare tautomers" of uracil, where the NH proton acceptors are the O7 and O8 oxygens.
The equilibrium geometries of the negative ion tautomers were optimized, and harmonic frequencies were computed. The neutral species were optimized starting from the equilibrium structure of the corresponding anion. For some neutral tautomers, the ring structure was unstable after electron detachment, and geometry optimizations converged to a bicyclo-or chainlike structure ͑see Fig. 2͒ . The geometry optimizations were performed at the RI-MP2͑FC͒ level 39, 40 of theory with the AVTZ basis set 29, 30 using the TURBOMOLE program. 38 All of the electron-correlation calculations of the present work were carried out in the frozen-core ͑FC͒ approximation, and the label "FC" will be omitted in the following. A UHF reference wave function was used for the geometry optimization of the anions. The final geometries are shown in Figs. 1 and 2.
The UHF calculations of the doublet states of the anions were spin contaminated with ͗Ŝ 2 ͘ values in the range of 0.76-0.79 ប 2 . In order to estimate the geometry and energy change of the anion at the MP2 level when changing from a UHF to a ROHF reference wave function, we have performed geometry optimizations at the ROHF-MP2/AVDZ level of theory ͑a small basis was used since the RI approximation could not be exploited in this calculation͒. The MOLPRO program [41] [42] [43] [44] [45] was employed, computing the ROHF-MP2 gradients by numerical differentiation. Geometry relaxation corrections to the AEAs were obtained by comparing the ROHF-MP2 energies at the equilibrium UHF-MP2 and ROHF-MP2 geometries. These corrections are relatively small ͑the energy differences were 12 meV for the anion of the canonical tautomer and only 4, 1, 1, and 2 meV for the tautomers U n1c5 , U n1c6 , U n3c5 , and U n3c6 , respectively͒, and we believe that the UHF-MP2/AVTZ geometries are appropriate for further investigations. Zero-point vibrational energies ͑ZPVEs͒ were calculated in the harmonic approximation at the UHF-RI-MP2/AVTZ level.
As the interpretation of the PES spectrum proved to be difficult, we briefly considered open-ring anionic structures. They were investigated at the density-functional theory ͑DFT͒ level using the B3LYP exchange-correlation functional 46 in the def2-TZVP basis. 47 The geometry optimizations of the open-ring anionic structures were started from the equilibrium geometry of the canonical neutral by elongating the bonds between pairs of neighboring atoms in the ring. Also the dihedral angles were distorted to prevent the geometry optimization to collapse to the canonical structure.
D. Extrapolated Hartree-Fock energies
We have performed Hartree-Fock calculations with the family of AVXZ basis sets 29, 30 with X = D, T, Q, and 5. The corresponding basis sets comprise 220, 460, 824, and 1336 basis functions on uracil, respectively. We have extrapolated the Hartree-Fock energy to the limit of a complete basis by fitting the calculated energies to the functional form proposed by Halkier et al.,
where X is the cardinal number of the basis set. In the present study, we have investigated three-point fits for closed-shell restricted Hartree-Fock ͑RHF͒ as well as for UHF and ROHF energies. They might evolve along barrier-free pathways to chainlike ͑aU n3c5 ͒ or bicyclolike ͑aU n3c6 ͒ forms.
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E. Extrapolated correlation energies
Electron-correlation effects have been taken into account at several levels of theory. At the RI-MP2 level, we have performed calculations with the AVDZ, AVTZ, AVQZ, and AV5Z basis sets. Explicitly correlated RI-MP2-R12 calculations were performed with the same family of augmented correlation-consistent basis sets. Finally, CCSD calculations were performed with the AVDZ and AVTZ basis sets including the perturbative contribution from triple excitations with the AVDZ basis set. All coupled-cluster calculations were performed using the MOLPRO ͑Refs. 41-45͒ program. For all electron-correlation energies, we have applied the two-point extrapolation scheme of Helgaker et al.,
where X is the cardinal number of the basis set.
F. Best estimates of AEA and VDE
The excess electron in valence anionic states of uracil occupies a antibonding molecular orbital ͑see Fig. 3͒ . Our main computational goal was to determine accurate AEA and VDE values for the considered tautomers. We therefore decided to apply a scheme, in which the final quantities are computed by adding incremental contributions from various levels of theory. This approach was used in our previous study, 31 where the obtained AEA of nU can was in good agreement with the experimental values ͑see Table I for comparison with Refs. 50-53 and others͒. Our final values for the AEA and VDE are computed as follows:
The sums on the right-hand side of Eqs. ͑3͒ and ͑4͒ include incremental contributions to the AEA or VDE calculated at the L level of theory, where L can be Hartree-Fock, MP2, CCSD or ͑T͒. The incremental contribution calculated at the L level of theory is defined as
where E N@N,L inc and E A@A,L inc are increments of the electronic energy of the neutral molecule and its anion calculated at their optimal geometries. E N@A,L inc is an increment of the electronic energy of the neutral molecule calculated at the equilibrium geometry of the anion. It is convenient to associate the series of labels ͕Hartree-Fock,MP2,CCSD,͑T͖͒ with the numbers ͕1,2,3,4͖. The increments can be calculated as 
where Y can be N@N, A@A, or N@A. The electronic energies at the two levels L and L − 1 must of course be computed in a consistent way, that is, using the same basis set or extrapolation scheme. Equation ͑3͒ contains a difference in ZPVEs ͑⌬AEA ZPVE ͒ of the neutral and anionic systems, as obtained at the UHF-RI-MP2/AVTZ level.
III. RESULTS
A. Photoelectron spectrum
The photoelectron spectrum of the uracil anion was measured with 3.493 eV photons, and the result is presented in Fig. 4 . Nonzero photoelectron intensity begins at EBE Ϸ0.6 eV and remains low until 1.5 eV. There, a broad peak with a maximum at EBE Ϸ2.4 eV develops. Because a dipole-bound anion state has a distinctive photoelectron signature, characterized by a single narrow peak at very low EBE, [33] [34] [35] the spectrum presented here is clearly not that of a dipole-bound state but is, in fact, due to a valence bound state ͑or states͒ of the uracil anion.
B. Hartree-Fock and MP2 increments
The incremental contributions to the AEA and VDE for each tautomer but the canonical are shown in Tables II-V. Details for the canonical tautomer can be found in Ref. 31 . The anions of all tautomers are vertically bound but adiabatically unbound at the Hartree-Fock level. The Hartree-Fock contributions converge quickly, and already the AVQZ basis set provides values that are accurate to within 1 -2 meV with respect to the basis-set limit, which has been estimated from the AV͑TQ5͒Z extrapolation.
The MP2 contributions to the AEA stabilize the anion relative to the neutral, and they are of the same order of magnitude as the Hartree-Fock contributions. The MP2 basis-set limits were obtained using two independent approaches, that is, using the extrapolation procedure as well as the explicitly correlated MP2 method. These two approaches give essentially the same results. The RI-MP2-R12 contributions obtained with the AV5Z basis and the AV͑Q5͒Z extrapolated conventional MP2 values mutually agree to within 1 meV. Apparently, the basis-set limit has been reached at the Hartree-Fock and MP2 levels. 
C. Post-MP2 correlation effects
Correlation effects beyond the MP2 level of theory must be included to obtain accurate results, for instance, by performing CCSD and CCSD͑T͒ calculations. CCSD calculations were performed in the AVDZ and AVTZ basis sets. These energies were AV͑DT͒Z extrapolated, and the differences between the AVTZ and AV͑DT͒Z values were adopted as error bars on the CCSD contributions. They do not exceed 15 meV and are the largest for the aU can and the aU n1c5 tautomers. A further source of error is due to using a small basis for the ͑T͒ contribution, which was computed in the AVDZ basis. In previous work, the difference between the ͑T͒/AVDZ and ͑T͒/AVTZ contributions was 19 meV for the canonical tautomer, 31 and we therefore conclude that the final AEA and VDE values may be in error by at least Ϯ25 meV due to the approximate treatment of post-MP2 electron-correlation effects.
Another source of error is due to the complicated electronic structure of the systems, which cannot be described easily by a single-reference determinant ͑vide infra͒. The AEA is obtained from calculations of the neutral and the anion at their respective equilibrium geometries, but the VDE is obtained from calculations of the neutral and the anion at the equilibrium geometry of the anion. For the neutral, this geometry may be somewhat away from the equilibrium structure, which is reflected in the comparably large SD and ͑T͒ contributions.
Table VI presents the final estimates of the AEA and VDE for all five tautomers. The main result of the present study is that the most stable valence anion of uracil is aU n1c5 . It is more stable by 135 and 114 meV than the canonical form of the neutral and the anion, respectively. Surprisingly, the VDE of this tautomer, estimated at 1379 meV, is not reflected in the photoelectron spectrum ͑Fig. 4͒. The VDE of the aU n3c5 tautomer, estimated at 2578 meV, agrees well with the peak maximum at Ϸ2.4 eV, but this anion is 101 meV less stable than the canonical neutral and as much as 236 meV less stable than aU n1c5 . Our calculations suggest that the aU n3c5 tautomer is observed in the photoelectron spectrum, but it remains unclear how this anion is formed if this interpretation of the spectrum is correct. Because the most stable anionic tautomer does not dominate the PES spectrum, we have carried out DFT calculations on open-ring structures of the uracil anion ͑see Sec. II C for technical details͒. In one case, the geometry optimization led to an open-ring structure that is 1.6 eV less stable than the canonical anion. In some other cases, the structures partially dissociated and were 2.6-3.8 eV less stable than the canonical anionic form. We have also observed that such an alternative geometry optimization can lead to a three-memberedring form that is 6.5 eV less stable than the canonical anion. In other cases, we obtained the canonical anionic form. The DFT results for the open-ring anionic structures demonstrated that they are high in energy and that it is unlikely that they had been produced in the PES experiment.
D. T1 diagnostics
The values of the T1 diagnostics 54 for the anionic and neutral tautomers in many cases exceed the commonly accepted threshold value of 0.02 ͑see Table VII͒. The diagnostics are particularly large for the neutral tautomers that have been identified as biradicals in Fig. 5 : 0.08 for nU n1c6 and 0.04 for nU n3c6 ͑but, very surprisingly, only 0.02 for nU n3c5 ͒. The diagnostics are about 0.02 for the tautomers with closedshell resonance Lewis-type structures ͑Fig. 5͒, that is, for nU can and nU n1c5 . We suspect that the large value of T1 for nU n1c6 is the reason for the unusual convergence of the VDE for the corresponding anion ͑see Table III͒ . The HartreeFock contribution exceeds 4 eV, and the MP2 and CCSD contributions are opposite in sign to the HF contribution and smaller by two orders of magnitude. Finally, the ͑T͒ contribution is large ͑−938 meV͒ and due to the ͑T͒ triples correction to the energy of the neutral.
E. Triplet instabilities
As already mentioned, the VDEs are computed from calculations on the neutral and anionic species at the geometries Table VIII͒ were found below the RHF solutions. With the RHF reference, the electron-correlation energies were larger in magnitude than with the UHF reference, and the overall UHF-CCSD͑T͒ energies of the neutrals were found slightly above the RHF-CCSDT͑T͒ energies. Therefore, UHF-CCSD͑T͒ calculations yield somewhat larger VDEs than RHF-CCSD͑T͒ calculations, and the corresponding shifts in the VDE values are presented in Table VIII . For the most relevant species U can , U n1c5 , and U n3c5 , the shifts are of the order of 50 meV and not significant. The UHF-CCSD͑T͒ calculations 55 were performed with the Mainz-Austin-Budapest version of ACES II.
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IV. SUMMARY
In the present work, we have reported the PES of U − and compared it with ab initio calculations of various tautomer anions. The calculations have been carried out at a level of accuracy similar to that of Ref. 31 . We have confirmed earlier predictions 15, 16 that the most stable tautomer of the valence anion results from a proton transfer from N1H to C5 ͑for atomic labels, see Fig. 1͒ . It is adiabatically bound with respect to the canonical neutral by only 135 meV, but its VDE is as large as 1.4 eV. The second most stable valence anion is that of the canonical tautomer ͑AEA= 21 meV and VDE= 0.58 eV͒, and the third most stable valence anion is that of the tautomer resulting from a proton transfer from N3H to C5 ͑AEA= −101 meV and VDE= 2.6 eV͒. All AEA values are with respect to the canonical neutral. The valence anions of the five tautomers analyzed here differ in stability by less than 0.6 eV, but their VDEs span a broad range of 3.3 eV. The tautomer anions with the largest VDEs detach the electron to form neutrals that have some biradical character, leading to significant geometry relaxation. The valence anions are usually strongly buckled, whereas common neutral tautomers display C s symmetry.
The AEA values for the five tautomers span a relatively narrow range from −370 to +135 meV. Their VDE values, however, span a much wider range from 579 to 3924 meV ͑Table VI͒. The energies of the neutral species primarily determine the broad range of the VDE values. This is depicted in Fig. 6 , which shows the total CCSD͑T͒/AVDZ energies for all neutral and anionic tautomers at the anion geometries. The largest VDE values are obtained for the least stable neutral tautomers with significant T1 diagnostics 54 ͑Table VII͒ and some biradical character ͑Fig. 5͒.
The PES suggests the existence of valence anionic states. However, the spectral intensity is surprisingly low at the EBE of about 1.4 eV, where the VDE of the most stable anion is expected. Furthermore, the spectrum has essentially no intensity up to 0.6 eV, where the VDE of the canonical valence anion is expected. Instead, the spectrum is dominated by a broad peak with a maximum at an EBE of 2.4 eV, near the VDE of the third most stable valence anion. The most stable open-ring uracil anion is 1.6 eV less stable than the canonical form, and it is rather unlikely that this species is observed in the experiment.
From a computational point of view, the AEAs are con- sidered to be more accurate and reliable than the VDEs because the latter have involved calculations of the neutral species at the geometries of their negative ions. In view of the AEA, aU n1c5 is the most stable anion and a good candidate for the source of the PES. In contrast to this, aU n3c5 is the anion whose VDE agrees with the peak maximum of the PES.
In an earlier work on anions of NBs, we had found only dipole-bound states. Theory had confirmed that for most of the bases, the canonical forms would not form stable valence anions. Under the harsh laser vaporization conditions used in the present work, however, we indeed did see valence anions. They hence must be due to other ͑uncommon͒ tautomers. Structures other than the ones studied here ͑such as open-ring structures͒ may also seem possible but DFT searches for such alternative structures were unsuccessful.
Other photon energies were not used in the present work, and thus, we cannot rule out anion resonances. Note, however, that several wavelengths had been used in the case of the uridine anion, where we had observed no change.
We feel that the structure of the uracil anion is influenced by the harshness of the source conditions. In the present work, the sample powder was pressed directly onto a metal rod and was not sticky enough to form thick layers. Although the laser power was weak, it was still strong enough to shoot through the layer and remove the sample. More importantly, the same uracil anion rare tautomer was also formed via an alternative source, where the uracil powder was desorbed by infrared laser radiation. Thus, the wavelength was not a factor for producing the rare tautomer. Moreover, both source conditions were different from those used to make dipole-bound uracil anions.
Further research is required to unravel the mechanism by which the U n3c5 tautomer may have been formed under the conditions of the present experiment or which other anionic species may explain the observed PES. We therefore hope that the present work may stimulate further experimental as well as computational work.
